Improved procedures are described for the synthesis of meso~tetra· kis(2,6-dichlorophcnyl)porphyrin and for subsequent perhalogcnation of the porphyrin ring.
The synthesis of perhalogenated metalJoporphyrins and their use in oxidative reactions of organic substrates are of interest in porphyrin model system studies and such compounds have shown potential as industrial catalysts.
The past decade has seen considerable advances in the development of synthetic metalloporphyrin complexes. 1 -9 In particular, iron and manganese complexes of tetraphenylporphyrins bearing halogens both on the phenyl rings and at Lhe It-porphyrin positions have been shown to be highly robust and effective catalysts in oxidation reactions. 10 In this context, commercially viable procedures for the preparation of orlho-halogenated tetraphcnylporphyrins would be highly desirable. One ma~ jor class of porphyrins used in this field are the metal complexes of meso-tetrakis(2,6-dichlorophenyl)porphyrin (1) . These can be halogenated on the fJ~positions and can undergo further electrophilic substi tution on both the phenyl and porphyrin rings~ such as sulfonation, to give water soluble catalysts. 1 1.12 The efficient synthesis of porphyrins bearing bulky sub~ stituents at the ortho position of the meso~aryl groups poses a major challenge. The free base 1 was originally prepared by Kim and co·workers, 13 using a modification of the original Adler condensation,14 affording a yield of only O.7 % ! A better route to the synthesis of 1 was the HiJ1 1 ~ /Rothemund 16 method, modified by Dolphin and his colleagues 9 .) 7,1S which requires subsequent oxidation of the chlorin impurity using DDQ, 16.19 ,-21 giving an overall yield of 1 of about 4-5 % based on pyrrole and this has been successfully scaled up to multi gram amounts in our laboratories. While the methods of Lindsey22- 25 have been used recently to prepare 1 in higher yie1ds, 26_27 (from 10 % to 30 % depending on the reaction conditions) the volume of solvent involved is impractical when multi gram quantities are required.
However, Lindsey et al. recently published 28 an "Blec· tron Transport Chain" method (where meso-tetraarylporphyrins are prepared at room temperature and at high concentration) which sheds new light on porphyrin synthesis and prompted us to apply this new approach to the large scale preparation of 1. Of the two synthetic methods reported by Lindsey et al., we chose to use the "'I\vo-Step Aerobic Synthesis" using tetrachloro-1,4-benzoquinone (TCQ), phthalocyanine-iron(II) (FePc), 2.6~dichlorobenza1dehyde and pyrrole. This reaction was investigated at concentrations of pyrrole varying from 0.1 M to 1.0 M (equimolar with the aldehyde), in order to obtain the optimum yield of porphyrin under the most suitable reaction conditions. The concentration of the acid catalyst was adjusted in order to maintain an almost constant BF 3 4Et 2 0jpyrrole ratio (0.32-0.40) (except for the H1.0 M" experiment), since a dec1ine in yie1d with increasing reactant concentrations was partially offset by increased acid concentration.
28
The initial reaction carried out with a pyrrole concentration of 0.1 M was run at room temperature. However, the purification was more difficult since~ in addition to a short silica column to remove polymer. two other chro~ matographies were necessary (silica, then alumina) before we were abl~ to precipitate the porphyrin cleanly, with a yield of 7.4 %.
F or the second reaction. the concentration of pyrrole and aldehyde was increased to 0.2 M, with an acid catalyst concentration st:t to 0.08 M. The time allowed for the porphyrinogen formation step was increased to 45 min (from 30 min), and the oxidation time was also increased (to 120 min from 90 min). After quenching the acid catRlyst with water and evaporating to dryness, the crude product was prepurified on an alumina column (which retains the black tar), and the eluate containing the porphyrin was chroma to graphed on silica. After crystallization, the porphyrin was obtained in 10.0 % yield.
Pursuant to our goal of optimizing the process, a third experiment, conducted at 0.32 M for aldehyde and pyr .. role, and 0.13 M for BF 3"Et 2 0 (other parameters unchanged), gave a slightly improved porphyrin yield of 11.3 %. It is to be noted that this higher yield has been attained in a medium where the concentration of the reactants was similar, or even slightly higher, than that of Adler's14 original condensation method (0.26 M).
Two other experiments at even higher concentrations were less successful. At 0.47 M (pyrrole, aldehyde) and Table 1 .
The eight o-halogens of 1 provide considerable stene protection on both sides of the porphyrin ring since the phenyl groups are essentially orthogonal to the plane of the porphyrin ring ( Figure 1) . However, the e1ectron~ withdrawing properties of the o-halogens arc weakly In a related study, bromination of meso-tetrakis(2,4,6-trimethylphenyl)porphinato-zine(II) (ZnTMP) using a twenty fold excess of NBS has been shown to take place in refluxing methanol. 35 1 Further experimentation revealed that NBS could be effectively replaced by molecular bromine, thus rendering the process more economical. Moreover, conducting the reaction at room temperature gave a clean, high-yielding reaction (79 0/0) whereas heating at reflux gave the same octabromo derivative in much lower yield and was accompanied hy substantial decomposition. lnterestingly, a mixture of Br2 in CC1 4 did not furnish the octabrominated porphyrin but yielded material with a Soret band (Amn = 429 nm) indicative of incomplete bromination. Tn addition, a longer reaction time (at room temperature) or heating the mixture at reflux led to decomposition of the porphyrin. Since Br 2 did not give the same products in CCl 4 and CH 3 0H, one ean postulate participation of the solvent. Molecular bromine may not be the actual brominating species in CH 3 0H; a reaction of bromine with methanol could yield CH 3 0Br as the ullimate brominating agent. Rapoport and co-workers have used N-bromoacetamide (NBA) in CH 3 0H to generate methylhypobromite;36 therefore we tried to brominate the porphyrin 4 with this reagent. The reaction effectively took place, giving 5 with a respectable yield of 75 %, after 1 h reflux. Dolphin and co-workers have reported 29 that attempted perchlorinations of ZnTPPCl a with NeS in a variety of solvents failed to give any p-chlorinated products even after 5 h at 140°C. In contrast, when ZnTPPCl s and NCS were refiuxed in CH 3 0H, a very clean reaction ensued giving ZnTPPClsPCl s (6) in high yield. Moreover, NCS could be replaced by el 2 (gas) giving the fJ-octachloro derivative in high yield after 20 min at O°C. However, in lhis case it is difficult to control the process and to ensure that the reaction proceeds to add 8 chlorine atoms without under-or overchlorination.
Using the novel method of Lindsey and co-workers, a one-pot preparation of chlorin-free meso-tetrakis (2, 6 .. dichlorophenyl)porphyrin (1) with an improved yield (up to "'-J 3 times the yields generally obtained using the modified Hill/Rothemund method) and a simplified processing and purification, at a concentration similar to that of the original Adler method, has been achieved on a relatively large scale. Furthermore, the corresponding zinc complex can be brominated and chlorinated on the p-pyrrole positions leading to high yields in an easy and clean manner, with simple workup procedures.
UV-visible spectra were recorded in CHICI~, using either HewlettPackard 8452A or Shimadzu UV-2101PC spectrophotometers; A.m •• SYNTHESIS are given in run followed by their relative intensities (100 for the most intense band). Mass spectra were obtained either on a Finnigan MAT 95 (Abbott) or a Kratos MS 50 (UBC) spectrometer. The peak corresponding to the center of the molecular ion cluster is reported followed by the peak intensity relative to the largest ion in the mass range of interest.
Lindsey et at. in their synthesis had difficulties with one particular batch of FePc, suggesting that the efficiency of the reaction is dependent on the quality of FePc. 28 The experiments described here utilized FePc purchased from Eastman (Art. 10575). Boron triftuoride-diethyl ether complex was distilled according to ZweifelY' Pyrrole and 2,6-diehlorobenzaldehyde (from Aldrich), and TCQ (from Eastman) were used without further purification.
Chromat~aphic separations were performed using 70-230 mesh silica gel from BDH, or neutral alumina Brockman activity I (Fisher 60-325 mesh)~ which was also used after deactivation by addition of 4 % HlO. Reactions were foUowed by thin-layer chromatography (TLC) using silica gel plates (0.2 mm thickness) and Merck Kieselgcl 60 A F H+ precoated plates.
"'~.fo-Tetrakis(l,6-dichloropbenyl)porphyrin (1) by the Electron 'lhmsport ChaiD Method To ethanol-stabilized CHCl 3 ll (300 mL) placed in a SOO mL threenecked round-bottom flask (RBF) was added absolute btOH (4 mL). The solvent was deoxygenated under a slow stream of Ar (20 min bubbling) through a septum, using a stainless steel needle, then TCQ (0.92 gt 3.74mmol) and FePc (2.13 g, 3.74rnmol) were added with stirring, and the solution was deoxygenated again for 8 min. 2,6·Dichlorobenzaldehyde (17 .5 g, 0.1 mol, O.32M) and pyrrole (7 mL, 0.1 mol, 0.32 M) were then added. After a further 8 min deoxygenation. pure freshly distilled BF 3 6Et 1 0 (S mL. 41 mmol, 0.13 M) was added using an air-free syringe. The color of the solution turned purple (an aqueous HKMn04 color") within a few min. The solution was stirred for a further 45 min with Ar bubbling. At this point Ar line WaS switched to dry air (filtered through CaCl l ) and bubbling was continued for 2 h, during which time the solution turned dark bluishapurple. At the end of this time the acid catalyst was quenched with HlO (5 mL) and the mixture was taken to dryness on 8 rotary evaporator and dried under high vacuum. The solid residue was dissolved in a minimum amount of CH 1 C1 2 ( --100 mL was used; a smaller volume gave too viscous a solution) and the resulting solution was introduced onto the top of an alumina (deactivated) column prepared with CH j Cl 1 /hexanes 1 : 1 (v/v) (850 g, 6.3 x 3& em; for larger scale preparations, it is possible to dramatically decrease the quantity of alumina, and just "filter" the crude product through it using the solvent mixture). The column was eluted using CH,Cl1/hexanes 1 : 1. The porphyrin moved together with a blue byproduct absorbing at 590 nm. This eluate was collected until it became nearly colorless. Attempts at crystallization or precipitation at this stage (CH2CJ.l/hexanes 1 : 1) resulted in a mixture of the porphyrin and the already men tionod blue byproduct.
The combined eluates were evaporated to dryness and the residue redissolved/dispersed in CHel 3 (250 mL) (compound 1 is several times more soluble in CHCl 3 than in CH 2 CI 2 ). The mixture was chromatographed on silica; the column was prepared with CH i a 2 / hexanes 1 : 1, using 500 g of silica gel 70-230 mesh (6.3 x 41 em). The porphyrin was r~adily separated as a fast moving red band, using CH 1 C1 2 /hexanes 1 : 1 (v/v).
The product was recrystallized from CH 1 C1 2 /hc:xanc, affording 2.51 g (2.82 mmol. 11.3 %). The purple crystals should be shiny; if not, or if they appear dark, rinsing with methanol helps to eliminate any remaining trace of impurities. Spectral characteristics were identical to those previously publi!ihed. 9 2,6-Dichlorobenzaldehyde (52.5 g; 0.30 mol), anhyd Zn(OAc)l (20 g; 0.11 mot), and 2,6-dimethylpyridine (150 mL) were placed in a 1 L RBF fitted with a Soxhlet extractor surmounted by a reflux condenser. Anhyd Na Z S0 4 was placed in a 6 x 17 cm thimble as a drying agent and the mixture was heated. When the tempcrat~re reached 100°C, pyrrole (21.0 mL; 0.30 mol) was a~ded dropwise (within 10 min); the condenser was rcmo~ed, alJowl~g tbe evaporalion of some water, formed as droplets 10 the reachon. The condenser was repJaced about 5 min later and the solution was. refluxed for 6 h. After evaporating the solvent in vacuo the resultmg tarry re.C\ldue was triturated with toluene (375 mL) then CH 3 0H (75 mL) was added' the mixture was allowed to stand in the refrigerator overnight. The porphyrin precipitated as its Zn complex mixed with zinc acetate. It was filtered, rinsed with a small amount of CH30~ and dried under vacuum in a desiccator, yielding 12.83 g. Thls powder was redissolved/dispersed in hot CHell (250 mL), and CH 3 0H (250 mL) was added; CHC1 3 was slowly evaporated under vacuum and the zinc complex was isolated as fine purple e~stf1ls which were filtered washed with H 2 0 and MeOH, and finally nnsed with pentane and dried, affording Oxidation of the ChIoriD Impurity: 16,19 -21 The chlorin-contaminatc=d free base 1 (1.83 g; 2.06 mmol) was dissolved in pentene-stabilized CHC1 3 (600 mL) and heated to reflux in a l-L RBP. A solution of DDQ (1.6 g) in benzene (75 mL) was added dropwise over 20 min and the reflux was continued for 2 h (after 90 min, the relative intensity of A. 65 SP.S.87 d~ease~ to 0.:44 from 0.68), then stirred overnight at r. t. At this pomt the mtenslty ratio of the same bands was 0.24; after an additional 1 h rctluxing the chlorin peak disappeared completely and t~e hot soluti.on ~as passed quickly through alumina (160 g). placed In a 7 cm wIde ~m tcrcd funnel. It was thoroughly rinsed With hot CHCI 3 • the solutIOn concentrated to 250 mL, and the compound was crystallized by addition of CIIlOII (200 mL) followed by slow evaporation of The free base 1 (0.31 g, 0.35 mrnol), Zn(OAe)z'2H 2 0 (1.00 g, 4.56 nunol), and DMF (100 mL) were refluxed in a 250 mL RBF (color changed from yellowish-purple to reddish-purple). Thc progress of the reaction was monitored by UV-vis. Within 15 min the visible region changed from A = 512. 587 to ,t = 520 (hump). 562.
Heating was discontinued after 30 min, the volume reduced to one-half by rotary evaporation, and H 2 0 (150 mL) was added. (2,6-d1chloropbeoyl) porphyrtn (1) and meso-Tetrakis (2, porphinato-Zinc(U) (4); Scale-up: Isolation of the Crude Zinc Complex 4: 2,6-Dichlorobenzaldehyde (1.5 kg; 8.6 mol), anhyd Zn(OAch (580 g; 3.2 mol), 2 t 6-dimethylpyridine (5.0 L) and pyrrole (600 mL; 8.6 mul) were placed in a 12-L RBF; the solution wa~ refluxed for 18 h. After evaporation, the tarry residue was triturated with 6 L of toluene then CH 3 0H (500 mL) was added. and the mixture was (1.5 L) was added; after washing and drying the precipitate, oxidation of the chlorin impurity was carried out using TCQ (30 g, 0.12 mol). refiuxing for 3 h. Then the hot solution was passed through alumina ond rinsed with hot CHC1 3 • The volume was then reduced to 200 mL and CH 3 0H (200 mL) was added. CHCl 3 was slowly removed in vacuo and the resulting suspension was filtered giving the free base porphyrin 1 as a dark purple solid (9.4 g; 10.6 mmol); overall yield;::: 5.8 %, relative to pyrroJe). It was then dissolved in DMF (750 mL) and Zn(OAch'2H20 (20.0 g; 91 .2 mmol) was added. The mixture was refluxed for 2 h t then the volume was reduced to 200 mL by rotary evaporation and H 2 0 (200 mL) was added. The resulting precipitate was collected as described above, affording 9.13 g (9.6 mmol, yield = 5.3 %t relative to pyrrole) of zinc complex 4. ThLt\ equates to 10&.6 g of pure porphyrin from 357 g of crude material. UV -vis: i_ m .. : 400 sh (23) , 420 (100), 550 (12) .
meso-Tetrakis

BromlnatioD of 4 with NBS/CH 3 0H:
The zinc complex 4 (1.0 g, 1.05 mmot) was dissolved/suspended in CH 3 0H (100 mL) and treated with NBS (3. Bromination of 4 with NBA/CHJOH: The zinc complex 4 (100 mg, 0.105 mmol) was dissolved/suspended in CHlOn (50 mL) and NBA (0.29 g; 2.1 mmol) was added. The mixture was heated at reftux for 1 h, then allowed to cool. The resulting mixture was refrigerated overnight and the precipitated green solid was collected giving ~ (125 mg; 75%). UV-bis: A. lDax (rel. int): 365.5 (13) , 461 (100),592 (8),643 (2) . LRMS (MAT95): (m/e): 1585 (center of molecular ion cluster).
Chlonnation of 4 with CI1/CH]OH:
The zinc complex 4 (250 mg. 0.262 mmol) was dissolved/suspended in CH 3 0H (50 mL) and the mixture cooled to O°C with an ice bath. Cl z gas was bubbled through the mixture at such a rate that the temperature was maintained below 5°C. After 5 min the mixture had changed color from purple to green. TLC indicated complete disappearance of the starting material. The solvent was then evaporated in vacuo to give a purple solid (283 mg, 880/0) with a green luminescence, which gives a green solution in CH 1 Subjecting the product to further chlorination (20 min. < 5 °C) afforded material whose UV spectrum reflected only incrementa) changes. However some degradation was seen by TLC. In addition, the mass spectrum (FA H) revealed the major component to be the 
Ollorination of 4 with NCS/CH10H:
The zinc complex 4 (tOO mg, 0.105 mmol) was suspended in CH 3 0II (50 mL) and treated with NCS (140 mg, 1.05 mmol). The resulting mixture was heated at reflux. for 6 h. A second portion ofNCS was then added and the mixture refluxed for an additional 5 h. The mixture was then evaporated to dryness and the residue was washed with hot HlO to give the purple solid 6 (110 mg, 85 1 % yield). UV-vis: Amu (rel. int): 360.5 (12.5), 440 (100).573 (7.5), 632 (2). 
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(
